Purpose: Determine if three weeks of HIT (high-intensity interval training) improves fasting insulin sensitivity in healthy males. Methods: Participants were recreationally active ( ≥ 10 hours per week) men between 18 and 35 years of age (Ht: 180 ± 1.44 cm; Wt: 85 ± 2.95 kg; BMI: 26.1 ± 0.59 kg/m 2 ; body fat: 19.7 ± 1.76%). HIT training occurred 3 days weekly for 3 weeks, at intensities equivalent to 7.5% of body mass. Training volume increased weekly as follows: three sprints per session (week 1), four sprints per session (week 2), and five sprints per session (week 3). Fasting blood samples were collected at baseline and after each week and tested for glucose and insulin. A repeated measures ANOVA was used to measure changes in both fasting glucose and insulin concentrations as well as HOMA(IR) (homeostatic model assessment) and QUICKI (quantitative insulin sensitivity check index). Results: Values were in the normal range throughout the study and there were no significant improvements in glucose (P = 0.346), insulin (P = 0.680), HOMA (P = 0.567), or QUICKI (P = 0.186), as a result of HIT. Conclusion: While HIT may be useful in maintaining insulin sensitivity in healthy males, 3-weeks of HIT did not further improve insulin sensitivity in this group. intensities equivalent to 7.5% of body mass. Training volume increased weekly as follows: three sprints per session (week 1), four sprints per session (week 2), and five sprints per session (week 3). Fasting blood samples were collected at baseline and after each week and tested for glucose and insulin. A repeated measures ANOVA was used to measure changes in both fasting glucose and insulin concentrations as well as HOMA(IR) (homeostatic model assessment) and QUICKI (quantitative insulin sensitivity check index). Results: Values were in the normal range throughout the study and there were no significant improvements in glucose (P = 0.346), insulin (P = 0.680), HOMA (P = 0.567), or QUICKI (P = 0.186), as a result of HIT. Conclusion: While HIT may be useful in maintaining insulin sensitivity in healthy males, 3-weeks of HIT did not further improve insulin sensitivity in this group.
Introduction


The incidence of both obesity and T2D (type 2 diabetes) is rising in the United States [1, 2] . Both of these conditions increase the risk of mortality from cardiovascular disease as well as all-cause mortality [3, 4] . Therefore, it is important not only to develop new methods of treating individuals who are obese or diagnosed with T2D, but to prevent healthy individuals from developing these conditions. A potential avenue toward achieving this goal is through lifestyle management, including a healthy diet and regular physical activity or exercise.
Regular exercise has been shown to be effective at improving or maintaining insulin sensitivity, a metabolic risk factor associated with T2D [5] [6] [7] [8] [9] . The physical activity recommendation for adults is to achieve a minimum of 30 minutes of moderate intensity physical activity on five days each week or Corresponding author: Douglas James Oberlin, M.S., research field: exercise physiology. E-mail: djoberli@uncg.edu.
vigorous-intensity aerobic exercise for a minimum of 20 minutes on three days each week [10] . Unfortunately, only about 30 percent of adults in the United States are physically active based on these guidelines according to the National Health Interview Survey [11] . A commonly reported barrier to meeting the physical activity recommendations is a lack of time [12] . A viable option for increasing adherence to physical activity guidelines is to reduce the total time necessary to provide benefits. High intensity interval exercise provides a mechanism for reducing the total exercise time and may still promote positive metabolic outcomes related to insulin sensitivity.
Several studies have reported that short but high intensity exercise intervals are an effective strategy for improving insulin sensitivity [13] [14] [15] . A protocol using only 7.5 minutes of active exercise per week has been shown to improve time to exhaustion as well as citrate synthase content in muscles [16] . HIT (High intensity interval training) has even been shown to improve glycemic control (measured by 24 hour D DAVID PUBLISHING glucose levels) in individuals with T2D [14] . Although post-prandial (or post-challenge) glucose tolerance is improved by interval training, there does not seem to be a change in fasting indices of IS (insulin sensitivity) among healthy active individuals [13, 17] . However, many interval training studies have only used a two week training period to examine these changes [13, 14, 17] . Perhaps healthy individuals require slightly longer training periods to further improve fasting markers of insulin sensitivity. Therefore, the current study attempts to extend the training protocol by an additional week, as well as increase the intensity of training each week. The primary purpose of the current study was to determine whether three weeks of a progressive HIT protocol would be sufficient to improve fasting markers of IS in healthy males.
Materials and Methods
Subjects
Participants in the current study were all healthy, recreationally active ( ≥ 10 hours per week) Caucasian and African-American men between 18 and 35 years of age (n = 20). All subjects gave written informed consent prior to participation in this study, as approved by the Institutional Review Boards at the University of North Carolina at Greensboro, Winston-Salem State University and the University of Virginia. Subjects completed a detailed medical history form and a physical activity history form prior to participation. Exclusion criteria included: two or more cardiovascular disease risk factors, age greater than 35 years, less than 10 hours a week of physical activity, smokers, or a BMI ≥ 35. Control subjects were obtained from another study with a matching target sample group (n = 9). Control subjects were matched by age, but not BMI, and were non-smokers, and were physically active 7 hours or less per week. Control subjects did not complete any exercise testing and agreed to make no changes to their lifestyle, but reported to the lab weekly to give fasting blood samples to be used as comparisons for the exercised group.
Height was recorded using a stadiometer and weight was recorded using an electronically calibrated scale (Seca, Vogel and Halke; Hamburg, Germany or Detecto Physician Scale; Webb City, Missouri).
Wingate Testing
Subjects completed a brief familiarization session on the cycle ergometer (Lode Excalibur Sport; Lode BV, Groningen, The Netherlands), for both acclimation as well as to adjust the bike for body size.
Subjects returned to the lab within 120 to 168 hours following their familiarization session having fasted for 8-12 hours and refraining from exercise for at least 24 hours. Resting fasted blood samples were collected while the subject relaxed in a chair. After the blood draw was taken, the subjects moved to the cycle ergometer. The subjects first warmed up on the cycle ergometer, pedaling with no resistance for 5 min. The subjects were then instructed to pedal at maximal capacity as the equivalent of 7.5% of their body mass was applied as resistance. The subjects pedaled against this resistance for 30 s after which the test ended and the subject was instructed to cool down.
This procedure was repeated every Sunday during the training period to take blood samples and measure changes in power output values over time. This measure was used to assess any training adaptations, due to the use of Wingates in the HIT protocol.
Training
Participants underwent HIT on cycle ergometers using a protocol modified from Burgomaster et al. [16, 18] . Subjects would report to the lab 3 days each week (Monday, Wednesday, and Friday) for 3 weeks to complete training sessions within 36-48 hours of the initial wingate test. The intensity of the HIT was also equivalent to 7.5% of each subject's body mass, and each sprint lasted 30 seconds. The volume of training increased each week as follows: three sprints per session the first week, four sprints per session the second week, and five sprints per session the third week. Between sprints, the subjects continued to cycle at 50 watts for 4 minutes to allow for active recovery. Table 1 shows the time course for the training intervention.
Blood Samples
Blood samples were allowed to clot for 30 minutes at room temperature after being drawn. The samples were centrifuged at 3000 rpm for 15 minutes at 4°C and serum was aliquoted into 1.5 mL microtubes and stored at -80°C until completion of the study. Prior to assays, the serum samples were allowed to come to room temperature for approximately 1 hour. Mercodia Insulin ELISA (Mercodia; Uppsala, Sweden) was used for measurement of insulin and Cayman Glucose Colorimetric Assay Kit (Cayman Chemicals; Ann Arbor, Michigan) was used for measurement of glucose.
All samples were run in duplicate and the average value of the samples was used in analyses, and only accepted with a coefficient of variance less than 15% between samples. The inter assay CV (coefficient of variance) for insulin was 8.34% and for glucose was 2.56%. The intra assay CV for insulin was 7.62% and for glucose was 4.37%. HOMA(IR) and QUICKI were calculated and compared for each week of training and post training as they are commonly used as markers of fasting IS [19] [20] [21] .
Statistics
PASW 18 (Armonk, NY) statistical software was used to run a two way repeated measures ANOVA to measure changes in plasma concentrations of glucose and insulin, as well as HOMA(IR) and QUICKI, at each week of training, and post training between groups. A one-way ANOVA was used to compare BMI between the control and exercise group. BMI was used as a covariate for the two-way repeated measures analysis. An alpha of 0.05 was set as the level of significance.
Results
There was no difference in age between the control and exercise group (P = 0.440, F = 0.615), however, there was a significant difference in BMI (P = 0.005, F = 9.297).
All exercise subjects (N = 20; Age = 24.8 ± 0.87 years; Ht = 180.0 ± 1.44 cm; Mass = 85.0 ± 2.95 kg) completed each of the HIT bouts and sample collections for each week of the study's progression. There was no change in BMI or aerobic capacity between the beginning and end of the study (P = 0.6 and P = 0.393, respectively). There was no significant change in mean power output during the Wingate tests over the course of the study (P = 0.297, F = 1.254). However, there was a significant improvement in peak power output from baseline (P = 0.001, F = 8.907) (Fig. 1) .
Because the data did not meet Mauchly's Test of Sphericity, a Greenhouse-Geisser correction was used for the analysis of the peak power output. A post-hoc test of main effects with a Bonferroni correction showed significance between the baseline measure of peak power output and each of the three subsequent weeks (P = 0.009, 0.031 and 0.005, respectively).
Metabolic markers were measured from the fasting blood samples taken prior to each Wingate test or at weekly intervals for the control subjects (Table 1) . There was no significant change in fasting glucose concentrations over the 3 weeks within either group (P = 0.346, F = 1.121), and there was no significant difference between groups (P = 0.058, F = 3.934), however this approached significance ( Fig. 2A) . There was no significant change in fasting insulin concentrations over the 3 weeks within either group (P = 0.680, F = 0.505), however, there was a significant difference between groups (P = 0.002, F = 11.431) (Fig. 2B) . Independent t tests between groups for each time point revealed that the differences occurred at baseline, as well as time points 2 and 3 (P = 0.013, t = 2.666; P = 0.029, t = 2.556 and P =0.000, t = 4.532, respectively). There was also no significant change in HOMA or QUICKI over the 3 weeks within either group (P = 0.567, F = 0.679 and P = 0.186, F = 1.644, respectively). There were, however, differences between the two groups for both HOMA and QUICKI over the 3 weeks (P = 0.011, F = 7.489 and P = 0.00, F = 23.193, respectively) ( Fig. 2C and D) . Independent t tests between groups for each time point showed that the differences occurred at only time point 3 and 4 for HOMA (P = 0.049, t = 2.269 and P = 0.001 t = 3.908, respectively). However, QUICKI showed significant differences at each time point (P = 0.21, t = -2.455; P = 0.16, t = -2.567; P = 0.001, t = -3.761 and P = 0.001, t = -3.571).
Discussion
The primary goal of the current study was to determine whether 3 weeks of HIT would elicit improvements in fasting markers of IS rather than using the typical 2 weeks of HIT training. No statistically significant changes in markers of IS were observed during the fasting condition over the course of the study. There was, however, an improvement in peak power output showing some adaptation to the HIT training protocol. This study is unique in that it used greater than 2 weeks of HIT to examine training effects. Although there was not a significant change in fasting IS, there seemed to be no negative consequences to the training either. Neither the exercised subjects, nor the control subjects had significant changes in markers of fasting IS over the course of the study. However, the exercised group had significantly higher QUICKI values compared to the control group. Because the glucose concentrations in both groups were similar, these differences were most likely due to better insulin sensitivity in the exercised group. This can be observed in the lower fasting insulin concentrations amongst the exercised group when compared to the control group. Neither group showed any improvement or decrement over the course of the study, making it difficult to say whether the HIT was effective at maintaining these differences. A longer duration study may be required to determine whether or not HIT, compared to recreational activity, prevents loss of IS.
The current study examined fasting concentrations of insulin and glucose. The lack of changes in these measures may reflect a greater contribution of exercise to improved post-prandial glucose uptake, or an upper limit to the extent of improvement which can be induced in an already healthy population. Whether stimulated by contraction or insulin, skeletal muscles are capable of taking up glucose from the blood. However, in the fasting condition, regulation of blood glucose is more heavily influenced by hepatic glucose output in response to changes in the ratio of insulin and glucagon concentrations. While some studies have shown exercise to have an effect on hepatic glucose output, these effects may not be evident in individuals with already healthy fasting glucose and insulin concentrations [8, 13] . Additionally, the difference in the baseline fasting values in the current study suggest that even subtle difference in the volume of recreational activity (criteria for inclusion in control was < 7 hours/week versus < 10 hours/week for the exercise) is sufficient to induce significant differences in IS. What remains unclear is whether or not there is a lower level threshold for physical activity, below which benefits are lost in most individuals (BMI ≤ 30), who do not become completely sedentary [19] .
The method of estimation of IS may be a limiting factor in the lack of significant findings in the current study. Due to the effects of exercise on the skeletal muscle tissue and non-oxidative glucose disposal, changes may only be measurable using continuous In addition to the measurement methods, it is possible that within a healthy active population, no changes are seen with increased exercise. Because all of the subjects in the current study began with healthy fasting levels of both insulin and glucose, it is unlikely that increasing exercise could suppress these concentrations further. The exercise group's QUICKI values were similar to those reported for elite athletes with high insulin sensitivity [23] . Indeed, lower concentrations of glucose in the fasting state may even be considered a negative adaptation because it could lead to fasting hypoglycemia. Because this population was already relatively fit, there was no change in peak VO 2 , however there was a significant improvement in peak power output over the 3 weeks due to the HIT [24] . Because this improvement occurred only after the first week, it was more likely an improved ability to perform the Wingate (learning effect), rather than a true training effect. This seems likely due to the lack of significant improvement in mean power output over the course of the rest of the study. These findings are in contrast to other studies which have used a similar protocol in individuals with T2D and seen robust changes in IS [14] . Even non-T2D obese older adults have shown a response to this intervention method, however the improvement was only detected 24 hours post exercise [15] . This is likely due to the low initial fitness level of individuals with T2D, allowing for a greater degree of improvement from baseline. If this is the case, differences may have been observed with this training protocol had a group of impaired glucose tolerant or impaired fasting glucose individuals been tested as well.
Conclusion
The current study has shown that 3 consecutive weeks of HIT was not adequate to further improve markers of fasting IS in an already healthy population. However, this may be taken as a positive result showing that HIT is a safe training modality which does not lead to fasting hypoglycemia. This may indicate that HIT is a potential exercise strategy to maintain IS within an already healthy population.
